Introduction
There is a considerable interest in microtransducers for the purposes of physically probing, manipulating, and sensing biological cells in an underwater environment [1] [2] [3] [4] [5] . To physically probe a cell by compression [1] or extension [2, 3] , an electrostatic actuator must generate a force on the order of 10 −6 N, have a displacement on the order of the size of a cell (O (10 −6 ) m), and use a low actuation voltage (<±8 V) as to not cause the electrolysis of water or an appreciable temperature increase. Electric field driven electrolysis and temperature increases are an important concern for bio logical applications; Mukundan et al demonstrated that an alternating current signal extends the voltage range in which electrolysis will not occur to at least 5 V in deionized (DI) water and ionic solutions [6] , compared to a direct current signal, and a modest temperature increase at 8 V [7] , while Hoelzle et al demonstrated up to 8 V in DI water using ampl itude modulated (AM) signals [4] . Parallel plate electrostatic actuators generate sufficient forces, but are displacement lim ited by the wellknown pullin instability [1] , which is the result of a spring softening nonlinearity from the electrostatic force physics. Comb drive electrostatic actuators achieve large displacements, however require either large voltages or largefootprint comb arrays to achieve high forces [2, 3] . Clearly, there is a need for alternative formfactor electro static actuators for underwater applications.
An attractive alternative is the curved electrode actu ator, which has been shown to achieve large displacements (O (10 −5 ) m) and forces (O (10 −5 [11] , microrobots [12] , and microaligners [13] . Researchers have attempted to increase the stable operation of parallel plate actuators; Legrand et al showed that adding electrical insulation to the plates could extend the stable operation beyond onethird of the nominal gap between the plates and may also eliminate the pullin effect [14] . However, unlike the parallel plate actuator in which the displacementtovoltage sensitivity equals zero once the voltage exceeds the pullin voltage, the moving beam actuator partially zips into the static curved electrode once the pullin voltage is exceeded and the length of the zipped portion, hence displacement, is tunable by modulating the voltage magnitude ( figure 1 ). In the clampedclamped configuration here, zipping causes a shortening of the electrode beam, both increasing the effective beam stiffness and decreasing the sprung mass. The stiffness versus displace ment function is a spring hardening nonlinearity, effectively counteracting the spring softening nonlinearity from the electrostatic force physics. As a result, curved electrode elec trostatic actuators operate in a stable regime above the pullin voltage, termed the zipped mode here and elsewhere [11] , and apply high forces at low voltages (< ±8 V). The mechanical response of electrostatic actuators in a clamped-clamped configuration have been widely studied [11, [15] [16] [17] [18] [19] [20] [21] with almost all efforts directed towards the devel opment of actuators resembling parallel plates that operate in the stable, nonzipped mode [15] [16] [17] [18] [19] [20] . To model these actua tors, most researchers use reducedorder models based on Galerkin decomposition and validate the models with experi ments or simulations. Models of curved electrode actuators operating in the stable zipped mode have received less atten tion [11, [22] [23] [24] ; in particular, researchers have studied the clampedfree [22] and clamped-clamped beam [11] configu rations and curved electrode geometries given by first [11] , second [10] , and third [25] order polynomial functions. The work most closely related to this manuscript is the study by Legtenberg et al [22] , which described a model of a clamped free curved electrode actuator that was validated to accurately predict deflection in air for multiple polynomial order designs [22] . It is worth mentioning that they model a zero electrode gap at the clamped base of their beam, which neglects the manufacturing requirement that there must be a gap between electrode surfaces because of an etch aspect ratio limitation of deep reactive ion etching (DRIE) [26] .
The work presented in this manuscript extends the Raleigh-Ritz model framework used by Legtenberg et al [22] to describe the clamped-clamped curved electrode actu ator in an underwater environment. Unlike Legtenberg et al [22] , which demonstrates unstable operations for clamped free secondorder polynomial curved electrode designs, this clamped-clamped secondorder design has a bending energy spring hardening nonlinearity that is strong enough to resist the spring softening electrostatic force nonlinearity. Furthermore, the finite electrode gap required for fabrication causes a zipin instability and our model predicts the unstable voltage range. Uniquely, we describe the first application of the curved elec trode actuator in an underwater environment. The following sections describe the design and model of the actuator, fabrica tion, and underwater actuation experiments that demonstrate that this design achieves peaktopeak displacements tunable between 1-20 µm for an applied voltage bounded by ±8 V, force in the range 1-50 µN, and the displacement resolution of approximately 0.3 µm in the unzipped and zipped stable regimes. These metrics achieve design requirements for phys ical probing of cells in an underwater environment.
Materials and methods

Design
The curved electrode actuator is designed to achieve a broad displacement range (1-20 µm) and force (1- 50 µN) , and operate in an underwater environment that restricts the voltage to be less than ±8 V to avoid the electrolysis of water [6] . The actuator comprises of three main components: a beam electrode to deliver generated force and displacement strokes, a set of four curved electrodes to drive the beam elec trode in forward and backward directions, and a reinforcing beam to increase actuator bandwidth frequency ( figure 1(a) ). The beam electrode and reinforcing beam together form the clamped-clamped structure that is compliant, while the curved electrodes are immovable rigid members whose cur vature is described by a second order polynomial function. A curved electrode actuator will achieve approximately w(L) = 10 µm, thus our design has two curved electrodes to drive the actuator in the forward and backward direc tions, doubling the actuator displacement 2w(L) (figure 1). By design, the anchor beam undergoes bending due to axial tension in the beam electrode and reduces beam electrode stretching. The beam and curved electrodes are coated with an insulator film for electrical insulation. The nominal actu ator dimensions and parameters are listed in table 1. Upon energizing the actuator by supplying voltages V A and V B , the actuator shuttles back and forth inplane ( figure 1(b) ). For underwater operation, the voltages V A and V B are AM signals given by the functions V A (t) =
where V is the voltage ampl itude, cos2πft and −cos2πft are the modulation waveforms, t is the time,
frequency, zeromean pulse signal to prevent charge shielding effects [4, 6] , and f and f c = 500 kHz are the modulation and carrier frequencies, respectively (figure 1(c)).
Mathematical model
The Rayleigh-Ritz [27] method is employed to model the static actuator displacement profiles in zipped and nonzipped modes. Here, the anchor beam is assumed to undergo bending for small and large displacements of the actuator. Because the anchor beam itself is a clamped-clamped double beam, we assumed that rotation at the electrode beam root is con strained and standard clamped-clamped beam boundary conditions are assumed. Since the actuator is symmetric, only its lefthalf portion is modeled (figure 2). We assume that the outofplane deflections and fringe fields of the actuator are negligible and that the material properties are uniform. Here,
x is the coordinate along the beam electrode, a 1 and a 2 bind the contact line of the zipped portion in the direction of the x coordinate, w(x) is the static displacement of the beam elec trode at x, w(L) is the actuator amplitude, M is the moment applied by the righthalf of the actuator on the lefthalf, d 1 is the thickness of the insulator film, d 2 is the electrode gap, L is the halflength of the beam electrode, t is the thickness of the beam electrode, t r is the thickness of the reinforcing beam,
2 is the curved electrode shape function, and δ m is the maximum throw of the curved electrode. The total potential energy π of the actuator is defined as
where U b is the bending energy stored in the beam electrode, reinforcing beam, and anchor beam and V el is the potential energy lost by the electrostatic force while doing work, given by
(2a) and (2b) E is the Young's modulus of the beam electrode, I is the area moment of the beam electrode about the outofpaper axis, h is the beam height in the outofpaper direction, ε 0 is the permit tivity of the free space, ε 1 is the relative permittivity of the insulator film, ε 2 is the relative permittivity of the di electric medium, k r is the reinforcing beam stiffness, k a is the anchor beam stiffness, and
2 dx − L is the lateral displacement of the anchor beam due to axial extension forces in the beam electrode. This basic energy relationship, equa tion (2), is studied for admissible trial functions w(x) for the zipped and nonzipped modes. In this operating mode, the voltage is large enough that a portion of the beam electrode is pulled, or zipped, into the curved electrode (figure 2). The admissible trial function w(x) is defined in piecewise form as
by superimposing the deflection profiles of Euler-Bernoulli beams [22] such that the compatibility conditions at x = a 1 and x = a 2 , and boundary conditions at x = 0 and x = L given by w a 
Non-zipped operating mode.
Simplifications of the zipped model (equations (1)- (5)) yields a nonzipped operat ing model by setting the quantities a 1 = 0, c 1 = 0, a 2 = 0, and d 2 = 0 and redefining the admissible trial function w(x) as
(6) Thus, the obtained model (equations (1), (2), (4d) and (6)) is solved numerically for the stationary value of π given by ∂π ∂c2 = 0 to determine the quantity c 2 for the nonzipped beam deflection profile w(x) and the actuator amplitude w(L) for a prescribed voltage.
Static pull-in voltage.
The nonzipped model (equa tions (1), (2), (4d) and (6)) is employed for determining the static pullin voltage V PI . For this, the actuation voltage V is set to V PI , and the first and second variation of total potential energy π with respect to c 2 given by 
Model convergence.
The two functions that compose π, U b and V el (equation (2)), are nonlinear; this nonlinearity is simplified into a polynomial form, which is easier to solve, using a Taylor series expansion of up to nth order around x = ½ L, a 1 = ½ L, a 2 = ½ L, c 1 = 0, and c 2 = 0. The minimum Taylor series order is determined by computing the model solu tion for different orders of n and identifying where the solution converges to where a unit increment of the order n yields a less than 1% difference in solution. The conv ergence criteria is satisfied at n = 3, n = 16, and n = 7 for the nonzipped and zipped displacement models and static pullin voltage models, respectively (see supplementary information figure S1 (stacks. iop.org/JMM/27/095009/mmedia) for conv ergence plots).
Actuator fabrication
The actuator illustrated in figure 1 is fabricated on a 100 mm diameter silicononglass (SOG) wafer (purchased from PlanOptik, Elsoff, Germany) made by anodic bonding of a sil icon wafer (〈1 0 0〉 ptype boron doped to 100 ppm) to a 500 µm thick Borofloat33 glass wafer and then thinning and polishing the silicon wafer to a thickness of 45 µm. Components are micromachined from the silicon layer, while the glass layer acts as a handling substrate and provides optical access for viewing with an inverted microscope. The fabrication work flow is illustrated in figures 3(a)-(f). On the SOG wafer, a composite metal film comprising of 30 nm Cr and 200 nm Au is deposited on the silicon side by ebeam evaporation and patterned by photolithography to make electrical contact pads (a). Next, an etch mask to be used for bulk micromachining of actuator components is defined by depositing a 1000 nm thick SiO 2 layer using a plasma enhanced chemical vapor depo sition (PECVD) process (processed at 250 °C using SiH 4 / N 2 O gases), patterned using a photoresist mask, and then etched using inductively coupled plasma assisted reactive ion etching process (RIEICP; using CHF 3 /Ar gases) (b). Then, the wafer is diced into 11 mm × 18 mm dies, each containing an actuator; dicing is an aggressive process and performing at this early stage of fabrication increases the yield, as the silicon layer is still monolithic. After dicing, the highaspect ratio actuator features (curved electrodes, beam electrode, reinforcing beam) are machined by DRIE using a standard Bosch process in 5s:2s step cycles; the glass substrate acts as an etch stop (c). After DRIE, the movable structures of the actuator are released by timed HF (49% HF:H 2 O::1:1 volume ratio) wet etch process for 4 min at standard room temperature, triple rinsed in water, then in methanol, and then dried at room temperature (d). Next, the actuator is coated with 10 nm thick Al 2 O 3 insulator film using the atomic layer deposition (ALD) process (processed at 120 °C using TMA/ O 2 precursors) (e). Finally, the 10 nm thick Al 2 O 3 insulator film is anisotropically etched using the inductively coupled plasma assisted reactive ion etching process (RIEICP; using BCl 3 /Cl 2 gases) to unmask the Au/Cr electrical contact pads that were coated with Al 2 O 3 during the ALD process (f); the anisotropic etch does not appreciably effect Al 2 O 3 on the sidewalls. Figures 3(g ) and (h) show a microscope image (top view) and a scanning electron micrograph (isometric view) of the actuator, respectively, at the end of the fabrication step (f). After fabrication, the beam electrode thickness t, electrode gap d 2 , and reinforcing beam thickness t r are measured via optical microscopy and scanning electron microscopy to be up to 1.3 µm smaller in dimension than the nominal design due to slight mask undercutting during the DRIE step (table 1) ; accordingly, measured dimensions are used as the param eters in section 2.2 for comparison between the model and experiment.
Experiment
In preparation for the experiment, the actuator is taped to the bottom of a petri dish, triple rinsed, and then soaked overnight in deionized water. The actuator static performance is char acterized in deionized water in terms of actuator amplitude w(L) at different voltage amplitudes V ∈ [0, 8] V in incre ments of 0.5 V in quasistatic state using the test facility shown schematically in figure 4 . Important components include: an inverted microscope (Zeiss Observer A1 microscope, Oberkochen, Germany) and highspeed camera (Miro M110, Vision Research, Wayne, NJ, USA) for cinephotomicrography of the moving actuator in the region of interest (figure 3(g)); LabVIEW/NI PCIe6343 data acquisition system for trig gering the highspeed camera to initiate cinephotomicrography figure 3(g) . For given actuation voltages V A and V B , the cinephotomicrography was recorded for 10 actuator oscillations at 40 frames s −1 . A custom image processing MATLAB script is employed that segments the cinephotomicrograph into frames, measures the actuator loca tion in each frame, identifies peaktopeak amplitudes 2w(L) in each oscillation, and then calculates the trial statistics of the mean and standard deviation.
For determining the static pullin voltage, the actuator elec trodes are supplied with voltages V A = VΠ(t) and V B = 0, and vice versa. The applied voltage Π(t) generates a constant DC force on the beam electrode that results in a static displacement of the actuator. In the test, the entire actuator is imaged under the inverted microscope where the voltage amplitude V is slowly increased from 0.1 V in increments of 0.1 V until the zipping occurs, as determined by observation of cinephotomicrography data. The voltage amplitude V corresponding to the incidence of zipping is interpreted as the static pullin voltage V PI .
Results
The relationship between actuator amplitude w(L) and actuation voltage amplitude V obtained using the model and experiment is shown in figure 5(a) . Both the model and experiment show that the actuator amplitude w(L) increases slowly with voltage until the static pullin voltage V PI is reached, and then the amplitude shoots up reaching closer to the maximum allowable amplitude. The static pullin model predicts the pullin occurs at V PI, model = 4.4 V, which agrees with the experimentally observed values V PI, expt = 3.85 V (forward or positive direction) and 3.95 V (backward or negative direction). From the experiment, the actuator was able to achieve an average displacement sensi tivity of 0.35 ± 0.19 µm V −1 (mean ± standard deviation, six samples) and 0.32 ± 0.27 µm V −1 (six samples) before pullin and after pullin regions, respectively. Figure 5(b) shows representative displacement traces of the actuator for 10 oscillations during quasistatic tests for actuation voltage amplitudes V = 3, 6, and 8 V. For actuation voltages V < V PI , the actuator amplitudes are low (V = 3 V data) and the dis placement trace resembles the sinusoidal waveform of the voltage signal. However, for actuation voltages V < V PI , the actuator amplitudes are high, near to the maximum allowable amplitude and the displacement trace resembles a clipped sinusoidal waveform due to the zipping process. Due to the fabrication differences among the curved electrodes, the dis placement excursions are not perfectly symmetric about the beam electrode's neutral position.
The beam electrode deflection profiles w(x) for three cases: neutral (V = 0 V), partly zipped (V = 5 V), and almost fully zipped (V = 8 V) using the model and experiment are shown in figure 6 . As can be seen in figures 6(a)-(d), the beam elec trode zips into the curved electrode for 5 and 8 V. The model predicts that the zipping length term a 2 for partly zipped and fully zipped are 0.65 and 0.79L, respectively ( figure 6(a) ). Upon analyzing the corresponding still images from the experiment using image processing software (figures 6(c) and (d)), we observed that the zipping length term a 2 to be about 0.78L ± 0.02L and 0.88L ± 0.02L, respectively. From figures 5(a) and 6, it can be inferred that the model is able to predict the actuator static behavior and is in agreement with the experiment (10 oscillations or samples for each actua tion voltage V with standard deviation in displacement ⩽8.65% of measured displacement). An actuation voltage V = 8 V results in actuator amplitude w(L) = 9.75 µm and minimum force 43 µN, given by the relation force = 2k r w(L). These findings indicate that our curved electrode actuator given by a second order polynomial in clamped-clamped architecture is capable of achieving large displacement (~20 µm; on the order of biological cell diameter) with displacement sensi tivity (~0.3 µm V −1 ), generating a large force (~45 µN), and operating in a stable manner beyond the pullin region in an underwater environment.
Conclusions
Using quasistatic experiments and static models based on the Rayleigh-Ritz method, we showed that the curved electrode actuator given by a second order polynomial in a clampedclamped configuration could operate underwater in a stable manner for low actuation voltages (±8 V) and achieve a peak topeak displacement of 19.5 µm and a large force of 43 µN. The actuator operates in two modes, zipped and non-zipped, and thus we describe two different admissible trial functions for these two modes: the model accurately predicts actuator displacement in the zipped and nonzipped modes and iden tifies the voltage for mode transition. Unlike parallel plate electrostatic actuators in which the displacementtovoltage sensitivity is zero once the pullin voltage is exceeded, a clamped-clamped curved beam actuator exhibits a bending energy nonlinearity that counteracts electrostatic non linearities past the zipped voltage transition, permitting displacement control with high force application and low voltage requirements. This highforce, lowvoltage mode has important applications in underwater bioMEMS systems such as mechanical cell phenotyping devices, mechanical cell sorters, and microvalves. Future research will further study the bending energy nonlinearity to find optimal designs that extend the usable range of curved electrode electrostatic actuators.
